The serine/threonine protein kinase protein kinase B (PKB)/ Akt has been demonstrated to play a central role in a number of cellular responses to growth factors and insulin, which include cell growth, protein synthesis, and antiapoptotic and survival signals (6, 7, 13, 23, 27) . Various orthologues of PKB have also been shown to play key roles in embryogenesis, particularly in the regulation of apoptosis during normal development, and in programmed cell death throughout the lifetime of an organism (13, 27) . Considerable efforts to map out the link between growth factor receptors and PKB have resulted in a model in which activation of phosphatidylinositol 3-kinase (PI3K) by insulin and growth factor receptors results in the production of the lipid derivative phosphatidylinositol (3,4,5)-triphosphate (PIP 3 ). PIP 3 acts as a receptor for the pleckstrin homology (PH) domains of PKB and the 3-phosphoinositide-dependent protein kinase 1 (PDK1), directing their localization to the plasma membrane, where PKB is phosphorylated and activated by PDK1 (for a review, see references 5, 37, and 48) and perhaps by autophosphorylation (46) . This initiation process and the subsequent phosphorylation of substrates are regulated by a number of proteins that have been identified and demonstrated to be bona fide mediators of PKB activity. However, a key to future advances in understanding the multiple functions of PKB rests in identifying and validating novel substrates and regulators (7) .
In the studies described here, we sought to identify new PKB-interacting proteins that could be involved in modulating or integrating signaling pathways that impinge upon PKB activation. To achieve this aim, we applied a novel expression cloning strategy based on a protein-fragment complementation assay (PCA) using green fluorescent protein (GFP) as a reporter to screen a human brain cDNA library, using PKB as bait. We identified a human gene encoding a protein highly similar to the mouse protein Ft1. The corresponding Ft1 gene was found to be deleted in a Ft/ϩ mouse mutant characterized by developmental abnormalities, including fused toes on the fore limbs and thymic hyperplasia, and a reduced sensitivity of thymocytes to dexamethasone-induced apoptosis (29, 47) . We demonstrate here that the Ft1 protein binds directly to PKB, enhancing the phosphorylation of both of its regulatory sites by promoting its interaction with the upstream kinase PDK1. Further, and consistent with the Ft/ϩ phenotype, the enhancement of PKB activity by Ft1 dramatically increased the apoptosis susceptibility of T lymphocytes treated with glucocorticoids. We demonstrate that this phenomenon occurs via a PDK1/ PKB/GSK3/NF-ATc signaling cascade, resulting in increased production of the proapoptotic hormone Fas ligand. Activation of the transcription factor NF-ATc can lead to the production of antiapoptotic (interleukin-2 [IL-2]) as well as proapoptotic (Fas ligand) factors, depending on the balance of the total inputs applied to the cell, to preserve the homeostasis of T-cell populations (elimination of autoreactive or excess T cells) (1, 26, 28) . Our studies demonstrate that Ft1 (via a PKB-dependent pathway) can alter this balance by inducing the production of Fas ligand, leading to profound apoptosis in the cell population, when the pathway is made dominant over IL-2 signaling by treatment of the cells with glucocorticoids.
MATERIALS AND METHODS
DNA constructs. The full-length cDNAs encoding PKB and PDK1 were amplified by PCR and subcloned 5Ј or 3Ј of the F [1] (amino acids [aa]1 to 158) and F [2] (aa 159 to 239) fragments of GFP (pCMS-EGFP; Clontech, Palo Alto, Calif.) into the eukaryotic expression vector pMT3 (24) . The PKB-F [2] fusion was also inserted in a pMT3 vector where the ampicillin resistance gene had been replaced by a chloramphenicol resistance gene (pMT3-chloramphenicol) for the purpose of the cDNA library screen. In all cases, a 10-amino-acid flexible linker consisting of (Gly-Gly-Gly-Gly-Ser) 2 was inserted between the cDNA and the GFP fragments to ensure that the orientation and arrangement of the fusions in space were optimal to bring the GFP fragments into close proximity. The F[1]-GCN4 and GCN4-F [2] constructs consisted of fusions with GCN4 leucine zipperforming sequences used as controls. For the GFP PCA-based cDNA library screen, a human brain cDNA library was excised from the vector pEXP1 (ClonCapture cDNA library; Clontech) using SfiI restriction sites and inserted into the pMT3 vector, 3Ј of the F[1] fragment of GFP and a 10-amino-acid flexible linker. The PCA-cDNA library fusion expression vectors were divided into several pools (according to the size of the inserted cDNAs, from 0.5 to 4.6 kb) and amplified at 30°C in liquid medium. After the human Ft1 (hFt1) gene was isolated, a Myc tag-hFt1 fusion was also constructed. The GSK3␤ (Ser9Ala) point mutant was generated using the QuikChange site-directed mutagenesis kit (Stratagene).
Cell lines. COS-1, HEK293, and HEK293T cells were grown in Dulbecco's modified Eagle's medium (Invitrogen, Carlsbad, Calif.) supplemented with 10% fetal bovine serum (FBS; HyClone, Logan, Utah). The human Tag-Jurkat cell line was grown in RPMI 1640 (Invitrogen) supplemented with 10% FBS, 1 mM sodium pyruvate, and 10 mM HEPES. The Tag-Jurkat cells express the simian virus 40 large T antigen and harbor an integrated ␤-galactosidase reporter plasmid where three tandem copies of the NF-AT binding site direct transcription of the lacZ gene (15) .
PCA-based cDNA library screen. COS-1 cells were plated in 150-mm dishes 24 h before transfection. Cells were transfected (10 g of total DNA/dish) using Lipofectamine reagent (Invitrogen), at around a 60% confluence, with pMT3 vector harboring the human brain cDNA library fused to the F[1] fragment of GFP (F[1]-cDNA library) and the pMT3-chloramphenicol vector containing the full-length PKB fused to the F[2] fragment of GFP (PKB-F [2] ). The F[1]-cDNA library fusions were transfected in several pools, according to their size. At 48 h after transfection, positive clones (folding and reconstitution of GFP from its fragments) were collected on a fluorescence-activated cell sorter (FACS) analyzer (FACScalibur; Becton Dickinson, Franklin Lakes, N.J.). The total DNA from each pool of positive cells was extracted (DNeasy tissue kit; Qiagen, Chatsworth, Calif.), transformed in DH5␣ bacterial cells, and plated on Luria-Bertani (LB) agar containing 100 g of ampicillin/ml (no propagation of the chloramphenicol-resistant vector harboring the PKB-F[2] fusion). DNA plasmids containing the F[1]-cDNA fusions were extracted from individual clones and retransfected separately with PKB-F [2] or the F[2] fragment alone (negative control) to discard negative clones that entered the pool during the cell sorting. After this second round of selection, the DNA plasmids corresponding to the positive clones were submitted to sequence analysis.
Cell transfection and fluorometric analysis. COS-1 and HEK293T cells were split in 12-well plates 24 h before transfection. Cells were transfected, at around 60% confluence, with different pairs of the GFP PCA fusion expression vectors (1 g of total DNA/well), using Lipofectamine reagent (Invitrogen) according to the manufacturer's instructions. For the microplate measurements, 48 h after transfection cells were washed one time with phosphate-buffered saline (PBS), gently trypsinized, and resuspended in 200 l of PBS. The total cell suspensions were transferred to 96-well black microtiter plates (Dynex Technologies, Chantilly, Va.) and subjected to fluorometric analysis (Spectra MAX GEMINI XS; Molecular Devices, Sunnyvale, Calif.). Afterwards, the data were normalized to total protein concentration in cell lysates (Bio-Rad protein assay; Bio-Rad, Hercules, Calif.). The background fluorescence intensity corresponding to nontransfected cells was subtracted from the fluorescence intensities of all of the samples. For the fluorescence microscopy, 48 h after transfection cells were washed two times with PBS, incubated for 5 h in serum-free medium, and untreated or treated with 300 nM wortmannin (Calbiochem, San Diego, Calif.) for the last hour. Afterwards, cells were stimulated for 30 min with 10% serum (FBS; HyClone). Cells were washed two times with PBS and mounted on glass slides. Fluorescence microscopy was performed on live cells (Zeiss Axiophot microscope; 100ϫ objective lens).
Preparation of cell lysates and immunoblot analysis. HEK293T and TagJurkat cells were cotransfected with PDK1 and PKB expression vectors, or with PKB and GSK3␤ expression vectors, in the presence or absence of hFt1, in 12-well plates as described above. The amounts of DNA transfected in each experiment were kept constant by adding empty vector. HEK293T cells were serum starved for 16 h and stimulated for 15 min with 10% serum (FBS; HyClone) prior to lysis. Tag-Jurkat cells were stimulated for 30 min with 5 g of phytohemagglutinin (PHA)/ml plus 500 nM phorbol-12-myristate-13-acetate (PMA; Calbiochem) prior to lysis. Cells were lysed 48 h posttransfection (lysis buffer, 1% Nonidet P-40, 0.1% sodium dodecyl sulfate [SDS] , 150 mM NaCl, 20 mM Tris [pH 8 .0], 20 g of aprotinin/ml, 5 mM 4-(2-aminoethyl)benzenesulfonyl fluoride, 10 mM NaF, and 5 mM sodium vanadate). Equal amounts of total proteins were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE), transferred to polyvinylidene difluoride membranes, and immunoblotted with antibodies according to the manufacturer's instructions. Anti-PKB, anti-PKB-Thr308-p, anti-PKB-Ser473-p, and anti-GSK3␤-Ser9-p were from Cell Signaling (Beverly, Mass.). Anti-GSK3␤ was from BD Biosciences (San Diego, Calif.). Anti-hFt1 is a custom-made antibody (Washington Biotechnology, Baltimore, Md.). Bound antibodies were detected using horseradish peroxidaseconjugated anti-immunoglobulin G (anti-IgG; Cell Signaling) and a chemiluminescence detection system (NEN Life Science Products, Boston, Mass.).
In vitro kinase assay. HEK293T cells were cotransfected with PDK1 and PKB expression vectors, in the presence or absence of hFt1, in 12-well plates as described above. Cells were serum starved for 16 h and stimulated for 15 min with 10% serum (FBS) prior to lysis. PKB was immunoprecipitated with immobilized anti-PKB antibodies (Cell Signaling). Immunoprecipitates were washed four times, and the pellets were incubated in kinase buffer (25 mM Tris [pH 7.5], 5 mM ␤-glycerolphosphate, 2 mM dithiothreitol, 0.1 mM sodium vanadate, 10 mM MgCl 2 ) containing 200 M ATP and 1 g of a pure protein substrate (paramyosin fused to GSK-3␣/␤ cross-tide, corresponding to 20 residues surrounding GSK-3␣/␤-Ser21/9) (Akt kinase assay kit; Cell Signaling) in each reaction mixture. Phosphorylation of the substrate was detected by immunoblotting using anti-GSK3␣/␤-Ser21/9-p antibodies (Cell Signaling). Expression levels of PKB and hFt1 were determined by immunoblotting total cell lysates with their corresponding antibodies.
In vitro binding assay. Recombinant PKB and PDK1 were purified from Escherichia coli as His tag fusion proteins (pQE vector; Qiagen). Coimmunoprecipitation. Endogenous PKB and PDK1 were immunoprecipitated from HEK293 cell lysates with anti-PKB (Cell Signaling) and anti-PDK1 (Biosource International) antibodies, respectively, and a protein G Plus-protein A-agarose suspension (Calbiochem). Immunoprecipitates were washed four times with lysis buffer (described above), separated on SDS-PAGE, and transferred to a polyvinylidene difluoride membrane. The membrane was immunoblotted with an anti-hFt1 antibody (custom-made antibody; Washington Biotechnology). Expression levels of the endogenous proteins were detected by immunoblotting total lysates (cell extracts before immunoprecipitations) with their corresponding antibodies. For the PKB-PDK1 coimmunoprecipitation experiments, HEK293T cells were cotransfected with PKB and PDK1 expression vectors, in the presence of hFt1 or a truncated version of hFt1 lacking its C-terminal domain (aa 218 to 292) (hFt1⌬CT). PKB was immunoprecipitated, and the amount of PDK1 in the immune complexes was determined by immunoblotting with anti-PDK1 antibodies.
Apoptosis detection. Tag-Jurkat cells were transfected at 10 6 cells/well in 12-well plates (2 g of total DNA/well) using DMRIE-C reagent (Invitrogen) with different combinations of expression vectors (as indicated). The next day, 1 g of PHA/ml and 50 ng of PMA/ml were added to the growth medium to enhance promoter activity and gene expression. At 48 h after transfection, cells were harvested and incubated for 7 to 8 h in serum-free medium containing 1 M dexamethasone (Calbiochem). Another set of experiments was also performed by simultaneously adding 5 g of neutralizing anti-human Fas ligand NOK-1 mouse antibody (BD Biosciences)/ml or control mouse anti-IgG antibody (Santa Cruz Biotechnology, Santa Cruz, Calif.). Cells were washed one time with PBS and kept overnight at 4°C in the same buffer. The next day, cells were stained with annexin V-fluorescein isothiocyanate (FITC) and propidium iodide (PI) according to the manufacturer's instructions (BD Biosciences) and analyzed by flow cytometry (FACScalibur; Becton Dickinson). The transition between early and late apoptosis was very sharp in these experiments. Thus, simultaneous detection of annexin V (early apoptosis) and propidium iodide (late apoptosis) staining was performed.
NF-AT transcription reporter assay. Tag-Jurkat cells were transfected and treated with dexamethasone as described for the apoptosis detection experiment except that the cells were incubated with dexamethasone for only 4 h, with or without the addition of 200 nM FK506 (Calbiochem). After this incubation, cells were spun down and resuspended in 400 l of deionized water. One quarter of this cell suspension was mixed with 100 l of 1 mM fluorescein digalactoside (FDG; Molecular Probes, Eugene, Oreg.) prepared in deionized water and transferred to a 96-well black microtiter plate (Dynex Technologies). The result-ing hypotonic solution permeabilizes the cells, allowing the FDG to enter. The plate was incubated at 37°C for 30 min, and the conversion of FDG to fluorescein was detected by fluorometry (Spectra MAX GEMINI XS; Molecular Devices). The background fluorescence intensity corresponding to cells not treated with FDG was subtracted from the fluorescence intensities of all of the samples.
RESULTS

Identification of Ft1 as a PKB binding protein.
The identification of specific substrates or regulatory proteins for many interesting classes of enzymes such as kinases, phosphatases, and proteases is difficult, because they can have very broad substrate specificity and bind to many proteins or protein domains when studied out of the context of other proteins with which they interact in intact living cells (36, 50) . It was with this problem in mind that we developed PCAs. The principle of the PCA strategy is that cells simultaneously expressing complementary fragments of an enzyme (F [1] and F [2] ) fused to test proteins will produce a colorimetric or fluorescent signal only if the fused proteins physically interact and then bring the complementary fragments of the enzyme or reporter protein into proximity where it can fold and reassemble into its active form (Fig. 1A) . In a PCA, protein-protein interactions are detected directly and between full-length proteins expressed in cells in which they normally function, ensuring that subcellular targeting, posttranslational modifications, and interactions with other proteins needed for their correct functioning can occur. We and others have described several PCAs that use different enzyme reporters, including one based on GFP (17, 22, 32, 43) . (Fig. 1A) . A physical interaction between a cDNA-expressed protein and the bait induced the reconstitution of GFP from its fragments, and positive clones could be collected by FACS analysis. Out of 10 7 to 10 8 clones screened, several hundred positive clones were obtained and 100 were sequenced. Among these, three corresponded to a human hypothetical protein similar to the mouse fused toes protein-1 (Ft1) (29) . The physical interaction between PKB and Ft1 was reconfirmed by transiently cotransfecting the isolated F[1]-Ft1 cDNA fusion with the bait fusion (PKB-F [2] ), or with the F[2] fragment alone as a negative control, and analysis by FACS (Fig. 1B) . Technical details of the GFP PCA library screening strategy are reported elsewhere (41) .
hFt1 is 96% identical to the mouse protein (mFt1) (Fig. 1C) . mFt1 transcripts were found during development and in adult mouse organs, with the highest expression in kidney, testis, and brain (29) . The mouse mutant Fused toes (Ft) is phenotypically characterized by fused toes on the fore limbs and thymic hyperplasia in heterozygous animals (29, 47) . Homozygous animals die around day 10 of development. The Ft mouse mutation consists of a deletion of several hundred kilobases of mouse chromosome 8; consequently, several genes (including Ft1) could be involved in these phenotypes. It has been proposed that a defect in the regulation of programmed cell death could be at the origin of these morphological abnormalities (47) . Analysis of the hFt1 sequence revealed an open reading frame of 292 aa with a predicted molecular mass of 32 kDa which does not contain consensus sequences for any known domain except for weak homology with a ubiquitin ligase homology domain encompassing aa 116 to 217 (Fig. 1C) . However, Ft1 is unlikely a ubiquitin ligase enzyme, since its domain lacks a conserved cysteine residue to which ubiquitin becomes covalently linked (29) . Motif search analysis (PROSITE database [21] ) on the hFt1 amino acid sequence revealed one potential phosphorylation site for PKA and five for PKC, but none for PKB.
PKB interacts directly with hFt1 through its C-terminal noncatalytic domain. We next confirmed the interaction between PKB and hFt1 by coimmunoprecipitating the endogenous proteins using specific antibodies in HEK293 cells ( Fig.  2A) . To determine if the binding of hFt1 to PKB disrupts its normal cellular translocation following growth factor stimulation, we used the GFP PCA to monitor the location of hFt1/ PKB complexes by fluorescence microscopy in intact living cells (Fig. 2B) . We have previously demonstrated that induction or inhibition of protein interactions by pathway-specific hormones and inhibitors and also their cellular location can be detected with the PCA strategy (42) . The hFt1/PKB protein complexes are predominantly observed at the plasma membrane in serum-stimulated cells, and they appear to be both disrupted and to dissociate from the membrane after treatment of cells with the PI3K inhibitor wortmannin (Fig. 2B) . Wortmannin inhibits the activity of PI3K and, consequently, the production of PIP 3 , preventing the binding of PKB and of its upstream kinase PDK1 at the plasma membrane via their PH domains. These patterns of stimulation and inhibition are consistent with PKB activation through PI3K-associated signaling pathways and, consequently, suggest that the binding of hFt1 to PKB does not alter its normal cellular localization.
In order to determine what are the regions of specific interaction between PKB and hFt1, deletion mutants of PKB were tested for binding to hFt1 (Fig. 2C) . The minimal region of PKB capable of binding hFt1 corresponded to its C-terminal noncatalytic domain (aa 409 to 480). Deletion mutant studies of hFt1 showed that the protein bound to PKB through its C-terminal region (Fig. 2D) . The fact that recombinant hFt1 and a PKB fragment purified from E. coli interacted with each other in vitro also indicated that the interaction is direct. The C-terminal domain of PKB contains a key site (Ser473) that must be phosphorylated for its full activation (2, 3, 44) . Knowing that the C-terminal domain of PKB is involved in the regulation of its kinase activity, we set out to study the effect of hFt1 on PKB phosphorylation and activation.
hFt1 enhances the phosphorylation and activity of PKB by promoting its interaction with the upstream kinase PDK1. We examined the effect of hFt1 overexpression on PKB phosphorylation and activation in HEK293T and Tag-Jurkat T cells. Results indicated that hFt1 enhanced both basal and stimulusinduced phosphorylation of PKB on both of its regulatory sites (Thr308 and Ser473) ( Fig. 3A and C ). An in vitro kinase assay was also performed to confirm that this hFt1-dependent increase of PKB phosphorylation correlated with an increase of its kinase activity. As shown in Fig. 3B , PKB kinase activity increased significantly in the presence of hFt1, both in stimulated and nonstimulated cells. These results may suggest that hFt1 acts as a scaffold, mediating efficient interaction of PKB with its upstream kinase PDK1, and serves to increase the efficiency with which PDK1 phosphorylates PKB. To test this hypothesis, we examined the effect of hFt1 overexpression on the formation of PKB/PDK1 complexes in cells. Coimmunoprecipitation experiments in HEK293T cells indicated that hFt1 increased the formation of PKB/PDK1 complexes and that a truncated mutant of hFt1 lacking its C-terminal region (the region shown to interact with PKB) (Fig. 2D) failed to produce the same effect (Fig. 3D) . As observed in the coimmunoprecipitation experiments, assays with the GFP PCA also indicated that hFt1 increased the interaction between PKB and PDK1 (Fig. 3E) . Consistent with these results, we were able to coimmunoprecipitate hFt1 and PDK1 in HEK293 cells (Fig.  4A) , and we localized the hFt1/PDK1 protein complexes at the plasma membrane in serum-stimulated cells (Fig. 4B) . We identified the minimal region of PDK1 capable of binding hFt1 as its N-terminal domain (aa 1 to 81) (Fig. 4C) , and deletion mutant studies of hFt1 showed that the protein bound to PDK1 through its C-terminal region (Fig. 4D) . Interestingly, hFt1 bound to both PKB and PDK1 in noncatalytic domains at opposite ends of the proteins from their respective PH domains. Since the orientation of the proteins at the membrane are defined by the interaction of their PH domains with PIP 3 , hFt1 should not and did not (as seen in the cellular location of the complexes) disrupt interactions of PKB and PDK1 with the plasma membrane. Indeed, our results suggested that hFt1 promotes the activation of PKB by PDK1 at the plasma membrane following growth factor receptor activation, perhaps by acting as a scaffold.
hFt1-mediated enhancement of PKB activity dramatically increases dexamethasone-induced apoptosis in T lymphocytes.
Having established that hFt1 interacts directly with PKB and increases its activity, we set out to determine if the reduction of Ft1 in the Ft/ϩ mouse could account for the Ft mouse mutant phenotypes. Specifically, it has been shown that thymocytes in heterozygous Ft/ϩ mutant mice were more resistant to dexamethasone (cortisone)-and antigen-induced apoptosis (47) . To determine whether hFt1, and more specifically the interaction between hFt1 and PKB, could be involved in this phenotype, Tag-Jurkat T cells were transfected with different combinations of hFt1, PDK1, and PKB expression vectors and treated with the glucocorticoid dexamethasone, and the induction of apoptosis was analyzed by annexin V-FITC and PI staining (Fig. 5) . Under our experimental conditions, cells expressing hFt1 alone did not show more susceptibility to apoptosis than control cells expressing an empty vector (less than 10% of cells undergoing apoptosis in both cases). However, the coexpression of hFt1 with PKB and PDK1 was able to induce a strong susceptibility to apoptosis in the cell population (over 90% of cells undergoing apoptosis). The replacement of wildtype PKB with a kinase-dead mutant [PKB(K3A)] completely reversed this susceptibility to apoptosis, indicating that the activity of PKB is essential for this phenomenon to occur (Fig.  5) . Cells expressing hFt1 and PKB without PDK1 did not give rise to this phenotype, supporting the idea that the active form of PKB was required (data not shown). We next sought to determine through which mechanism hFt1 was able to produce profound apoptosis in T cells.
hFt1 increases NF-AT activity via the PDK1/PKB/GSK3␤ signaling cascade. Stimulation of T lymphocytes via their TCR (T-cell antigen receptor) can lead to proliferation and differentiation as well as programmed cell death (1). TCR-mediated apoptosis is an important mechanism to maintain the homeostasis of T-cell populations (28) . The NF-AT transcription complex plays a critical role in the TCR-regulated fate of T lymphocytes by controlling the expression of hormones that induce growth and proliferation (such as IL-2) or apoptosis . The phosphorylation status of PKB on both of its regulatory sites was analyzed by immunoblotting using the corresponding phospho-specific antibodies (upper panels). Expression levels of PKB and hFt1 were also determined using anti-PKB and anti-hFt1 antibodies (middle and lower panels). (B) In vitro kinase assay to confirm that the hFt1-dependent increase of PKB phosphorylation correlates with an enhancement of its kinase activity. HEK293T cells, transfected and treated as for panel A, were lysed and PKB immunoprecipitated. PKB kinase activity in the immunoprecipitates was measured using a pure substrate (paramyosin fused to a 20-amino-acid GSK-3␣/␤ segment). Phosphorylation of the substrate (substrate-p) was detected by immunoblotting using anti-GSK3␣/␤-Ser21/9-p antibodies (upper panel). Expression levels of PKB and hFt1 were also determined using anti-PKB and anti-hFt1 antibodies (middle and lower panels). (C) Tag-Jurkat cells were cotransfected with PKB and PDK1 expression vectors, in the presence (ϩ) or absence (Ϫ) of hFt1, and stimulated with PHA and PMA (ϩ) or not stimulated (Ϫ). The phosphorylation status of PKB on both of its regulatory sites was analyzed as for panel A. (D) hFt1 enhances the formation of PKB/PDK1 complexes. HEK293T cells were cotransfected with PKB and PDK1 expression vectors, in the presence of hFt1 or a truncated form of hFt1 lacking its C-terminal domain (hFt1⌬CT; negative control). PKB was immunoprecipitated using anti-PKB antibodies, and the amount of PDK1 bound to PKB was determined by immunoblotting with anti-PDK1 antibodies (upper panel). The amount of PKB in the immune complexes was detected by immunoblotting with anti-PKB antibodies (middle panel). The expression level of PDK1 was also determined by immunoblotting total lysates with anti-PDK1 antibodies (lower panels). (E) Formation of the PKB/PDK1 complexes was also studied using the GFP PCA in HEK293T cells. . Stimulation of the TCR increases the intracellular Ca 2ϩ concentration, leading to the activation of the serine/ threonine phosphatase calcineurin and subsequent dephosphorylation of the cytoplasmic component of the NF-AT complex (NF-ATc) required for its translocation to the nucleus (9, 10, 38) . A countermechanism to calcineurin-mediated dephosphorylation of NF-ATc is the specific phosphorylation of NF-ATc by the glycogen synthase kinase 3␤ (GSK3␤) (4) . PKB has been demonstrated to specifically phosphorylate and inhibit GSK3␤ activity in several cell types, including T cells (12) . Moreover, it has recently been shown that PKB is activated upon TCR stimulation via a pathway involving the GTPase Rac1 and PI3K (16) . In T cells, glucocorticoids thwart the normal balance between growth and proapoptotic signals by inhibiting the expression of both IL-2 and components of the IL-2 receptor and other growth factor receptors, and also of JAK3 and Stat5, proteins necessary for intracellular signaling by IL-2 receptor activation (8, 14, 18, 19, 33, 34) . We reasoned, therefore, that PKB-dependent inhibition of GSK3␤ and subsequent induction of Fas ligand could become a dominant pathway, and thus augmentation of PKB activity by hFt1 would explain our observations. An alternative hypothesis, inhibition of PKB-mediated antiapoptotic pathways, can be excluded on the basis that, first, this would be contradictory to the positive effect of hFt1 on PKB activity and second, antiapoptotic pathways mediated by PKB phosphorylation of, for instance, Bad and forkhead transcription factors have not been shown to be implicated in cell survival signals in T cells or other cells of hematopoietic origin (11, 20) . Thus, to understand the proapoptotic effect of hFt1 on T cells, we needed first to connect the enhancement of PKB activity by hFt1 to the modulation of GSK3␤ by PKB.
The effects of this hFt1-dependent increase of PKB activity on the phosphorylation or inactivation of GSK3␤ and on NFATc activity were then analyzed. We observed that overexpression of hFt1 enhanced both basal and stimulus-induced phosphorylation of GSK3␤ by PKB in HEK293T and Tag-Jurkat T cells (Fig. 6A and B) . We directly quantified NF-ATc activity in Tag-Jurkat T cells transfected with hFt1 alone or in combination with PDK1 and PKB or PKB(K3A) and treated with dexamethasone (Fig. 6C) . A significant augmentation of NF-AT activity was observed when cells expressed hFt1 alone (2.5-fold augmentation compared to cells transfected with an empty vector). However, the highest activity was observed when hFt1 was coexpressed with PKB and PDK1 (fourfold augmentation), consistent with the results of the apoptosis experiment. Also as predicted, coexpression of hFt1 with PDK1 and the kinase-dead mutant (K3A) of PKB did not show the same capacity to increase NF-AT activity (Fig. 6C) .
Knowing that the activity of the NF-ATc phosphatase calcineurin can be specifically inhibited by the immunosuppressive drugs FK506 and cyclosporine (30), we then asked whether hFt1 could compete against the effects of FK506, with the assumption that the augmentation of the phosphorylation (and then inactivation) of GSK3␤ via hFt1 would compensate for the inhibition of calcineurin activity by FK506. NF-AT activity was considerably reduced when cells were treated with FK506, but to a lesser extent when cells expressed hFt1 alone or in combination with PKB and PDK1 (Fig. 6C) . To determine more directly the effect of hFt1 on GSK3␤ phosphorylation and inactivation, we also quantified NF-ATc activity in cells transfected with GSK3␤ alone [we tested three forms of GSK3␤, wild type, kinase dead (K3A), or a mutant resistant to phosphorylation by PKB, GSK3␤(S9A)] and in combination with PKB or PKB(K3A), with or without hFt1 (Fig. 6D) . As predicted, overexpression of GSK3␤ in cells inhibited NF-ATc activity, and this inhibition could be partially reversed by coexpressing PKB. However, this GSK3␤-mediated inhibition of NF-AT activity was completely reversed by coexpressing PKB with hFt1. Coexpression of hFt1 with kinase-dead (K3A) PKB failed to produce the same effect (Fig. 6D) . Consistent with these results, coexpression of PKB and hFt1 had no effect on the GSK3␤-mediated inhibition of NF-AT activity when GSK3␤ was replaced by a mutant resistant to PKB phosphorylation [GSK3␤(S9A)] (Fig. 6D) . These results confirmed that hFt1 increased NF-AT activity via PKB and GSK3␤. The key step then was to connect activation of NF-AT to the control of genes that could mediate the observed massive apoptosis induced by hFt1, specifically with Fas ligand. hFt1 induces apoptosis by increasing the production of the proapoptotic hormone Fas ligand. NF-AT is a key regulator of Fas ligand expression (FasL/CD95L), and FasL-induced apoptosis is an important mechanism for maintaining the homeostasis of a cell population (26, 28) . FasL can initiate programmed cell death in T cells by binding to its cell surface receptor (Fas/CD95) (49) . An upregulation of FasL expression induces apoptosis via autocrine suicide and paracrine action on neighboring cells (45) . Thus, we set out to test whether hFt1 (Fig. 6E) . Incubation of cells with 5 g of the neutralizing anti-FasL antibody/ml reversed the apoptosis induced by hFt1, while a control anti-IgG antibody failed to block apoptosis, demonstrating that an increased secretion of FasL was at the origin of this phenomenon (Fig. 6E) . The paracrine action of FasL on neighboring cells explains the massive cell death (over 90% of the cell population) observed in our apoptosis experiments, in which between only 20 and 30% of cells were cotransfected.
DISCUSSION
In the studies described here, we sought to identify novel regulators or effectors of the serine/threonine kinase PKB/Akt. We have identified a novel PKB binding protein, called hFt1, in a cDNA library screen using PKB as bait. We then asked how hFt1 might participate in PKB signaling and what are the consequences for the regulatory role of PKB in apoptosis in T cells. We therefore set out to determine whether the effects of hFt1 on PKB activity could be mapped into a known mechanism of apoptosis in these cells and whether the actions of hFt1 on these pathways would be consistent with the abnormalities characteristic of Ft/ϩ mice.
We first demonstrated that hFt1 interacted directly with PKB, via its C-terminal regulatory domain, and enhanced PKB phosphorylation and activation by PDK1. The C-terminal domain of PKB has a peculiar tertiary structure, a largely unstructured polypeptide that binds along the surface of the substrate-and ATP-binding domains (51, 52) . The function of the C-terminal domain of PKB and other AGC kinases that contain this domain is poorly understood, but with the discovery of both negative and positively acting binding proteins it is beginning to appear that it may serve a very general regulatory function. The recently discovered CTMP protein also interacts with the C-terminal domain of PKB but has the opposite effect from hFt1, preventing its phosphorylation at positions 308 and 473 and thereby inhibiting its kinase activity (31) . Although both CTMP and hFt1 bind to the C-terminal domain of PKB, CTMP might somehow prevent access of PDK1 to PKB, perhaps by stabilizing the inactive form of PKB or sterically preventing access of PDK1 to its phosphorylation site. Detailed structural studies of PKB-regulatory protein complexes should reveal the alternative mechanisms by which binding proteins regulate PKB function. Identification of more regulatory proteins using mass spectroscopic approaches may provide further insights into how PKB functions, specificities, cellular localization, and turnover are controlled in different cellular contexts.
In spite of the generally accepted antiapoptotic function of PKB in epithelial cells and fibroblasts, the role of PKB in cell survival signals in T cells or other cells of hematopoietic origin is not clear (11, 20, 25, 35, 39, 40) . Indeed, in lymphocytes, PKB is activated by both cytokines that promote cell growth and survival and by antigen receptors which trigger activationinduced cell death. Consequently, PKB is activated by receptors that produce opposite signals for cell life and death and, therefore, the function of PKB in these cells cannot be simply reduced to a survival regulator. Our results indicate that hFt1, via activation of a PKB-dependent pathway, can induce profound apoptosis in a T-cell population when the pathway is made dominant over IL-2 signaling by treatment of the cells with glucocorticoids. We demonstrated that this phenomenon occurs via a PDK1/PKB/GSK3 signaling cascade, leading to the activation of the transcription factor NF-ATc and the production of the proapoptotic hormone Fas ligand (Fig. 7) .
Our results support a function of hFt1 as a regulator of PKB activity that controls apoptotic signals mediated by this kinase. Determining how, when and through which receptors these pathways modulate hFt1 will be crucial to understanding its general role in mediating apoptosis during development and/or cellular homeostasis. Further, results may also provide a molecular link between PKB regulation and the switch from proliferation to the elimination of autoreactive or excess T cells. A switch from proliferation to the elimination of autoreactive cells (negative selection) or removal of excess T cells after the eradication of a pathogen may be regulated, in part, by hFt1. hFt1 may alter the balance between expression of Fas ligand versus growth factors such as IL-2, resulting in apoptosis in T-cell populations. Again, the loss of sensitivity of thymocytes to glucocortocoid and antigen-induced apoptosis in Ft/ϩ mice would be consistent with this argument. The wide distribution of hFt1 in adult tissues (29) suggests that it could be a general 
